Abstract. The present study examined the role of human cytochrome P450 2J2 (CYP2J2) on cell proliferation and resistance to an anticancer agent using stable hepatocellular carcinoma HepG2 cells overexpressing CYP2J2. Overexpression of CYP2J2 significantly increased HepG2 cell proliferation and the expression levels of cell cycle regulatory proteins, including cyclin D1, cyclin E, cyclin-dependent kinase (Cdk)2 and Cdk4. CYP2J2-overexpressing HepG2 cells exhibited high levels of Akt phosphorylation compared with those observed in wild-type HepG2 cells. Although Akt phosphorylation in both cell lines was significantly attenuated by LY294002, a specific phosphoinositide 3-kinase/Akt signaling inhibitor, the levels of Akt phosphorylation following treatment with LY294002 were higher in CYP2J2-overexpressing HepG2 cells than in wild-type HepG2 cells. Cell counting revealed that proliferation was reduced by LY294002 in both cell lines; however, CYP2J2-overexpressing HepG2 cell numbers were higher than those of wild-type HepG2 cells following treatment with LY294002. These results indicated that increased cell proliferation by CYP2J2 overexpression is mediated by increased Akt activity. It was also demonstrated that doxorubicin, an anticancer agent, reduced cell viability, induced a significant increase in the B-cell lymphoma (Bcl)-2 associated X protein (Bax)/Bcl-2 ratio and decreased pro-caspase-3 levels in wild-type HepG2 cells. However, the doxorubicin-induced reduction in cell viability was significantly attenuated by enhanced upregulation of CYP2J2 expression. The increase in the Bax/Bcl-2 ratio and the decrease in pro-caspase-3 levels were also recovered by CYP2J2 overexpression. In conclusion, CYP2J2 serves important roles in cancer cell proliferation and resistance to the anticancer agent doxorubicin in HepG2 cells.
Introduction
Human cytochrome P450 2J2 (CYP2J2) epoxygenase is an enzyme that metabolizes arachidonic acid and linoleic acid to four regioisomeric epoxyeicosatrienoic acids (EETs), namely 14,15-EET, 11,12-EET, 5,6-EET and 8,9-EET (1). This enzyme is widely expressed in multiple human tissues, including the liver, heart, lung, pancreas and bladder, and in endothelial cells (2) (3) (4) . CYP2J2 and its metabolites exert numerous pathophysiological roles, including regulation of ion channel activity in cardiomyocytes (5) , inhibition of inflammation (6) , inhibition of apoptosis (7) and recovery of endothelial cells from hypoxic injury (8) . CYP2J2 is also highly expressed in various cancer cell lines and tissues, including hepatocellular carcinoma (9) . Elevated CYP2J2 messenger RNA and protein levels have been observed in diverse human cancer cell lines and human cancer tissues (9) . Several studies have implicated CYP2J2 and its EET metabolites in the pathological development of human cancers, including solid tumors and hematological malignancies (10) (11) (12) . Additionally, overexpression of CYP2J2 and elevated EET levels promote tumor malignancy, while the selective inhibition of CYP2J2 attenuates these effects (9, 13) . However, the precise role of CYP2J2 in hepatocellular carcinoma cells is still poorly understood.
Each year, hepatocellular carcinoma is diagnosed in >500,000 people worldwide (14) . Liver cancer is the fifth most common cancer in men and the seventh in women (14) . Although its incidence is highly variable in different geographic areas, hepatocellular carcinoma is one of the leading causes of mortality in the world, being among the most common cancers in both Eastern and Western countries (15) . A more detailed understanding of the pathophysiological role of CYP2J2 may lead to the development of new therapeutic strategies to alter the pathogenesis of this disease (8, 16) .
Cancer cells often deregulate the cell cycle and undergo uncontrolled cell proliferation (17) . Almost all anticancer chemotherapy strategies inhibit the proliferation of tumor cells by targeting cell cycle mechanisms to arrest cells and induce apoptosis (17, 18) . Additionally, the effectiveness of chemotherapy is limited by drug resistance (19) . The present study investigated the potential role of CYP2J2 in cancer cell proliferation and drug resistance in hepatocellular carcinoma HepG2 cells. The results will provide a better understanding of the role of CYP2J2 in cancer and will help to develop more effective anticancer treatment strategies. Cell culture. HepG2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) high glucose (4.5 g/l; Thermo Fisher Scientific Inc.), supplemented with 10% FBS and 1% Penicillin-Streptomycin Solution 100X, at 37˚C in a humidified atmosphere (5% CO 2 ). One day prior to the experiments, the cells were incubated with fresh DMEM without FBS.
Materials and methods

Reagents
Establishment of a CYP2J2-overexpressing stable HepG2 cell line. Lentiviral expression constructs containing cDNA encoding human CYP2J2 were generated. This transgene cassette employs the cytomegalovirus (CMV) immediate-early promoter (20) . The lentiviral vector containing the puromycin resistance gene (CMV-eGFP-IRES-Puro plasmid) and the packaging vectors (VSV-G expressing envelop plasmid and another plasmid containing gag, pol and rev genes) were kindly provided by Dr. Yibing Qyang (Yale Cardiovascular Research Center, Yale School of Medicine, USA). In brief, the CMV-CYP2J2-IRES-Puro lentiviral vector was generated by substitution of eGFP sequence in CMV-eGFP-IRES-Puro plasmid with CYP2J2 sequence. CMV-CYP2J2 and control CMV-GFP viruses were generated by transfection of the lentiviral vectors (CMV-CYP2J2-IRES-Puro or CMV-eGFP-IRES-Puro plasmids) and packaging vectors into HEK 293T cells using X-tremeGene HP DNA transfection reagent (Roche Applied Science, Penzburg, Germany) at 37˚C and 5% CO 2 for 24 h. Virus-containing medium was collected every day for 3 days following transfection, and concentrated by ultracentrifugation at 55,200 x g and 4˚C for 2 h (Hitachi, Ltd., Tokyo, Japan). HepG2 cells were exposed to concentrated virus-containing medium for 24 h at 37˚C, followed by 2 days of culture in basal medium. Virus-infected cells were selected by treatment with puromycin (2 µg/ml) for 1 week. Images of each cell lines were 
Cell counting assay. Wild-type HepG2 cells, CMV-CYP2J2-transfected HepG2 cells and CMV-GFP-transfected HepG2 cells were plated at a density of 1x10
5 cells/35-mm dish and cultured at 37˚C and 5% CO 2 . The number of viable cells was counted using the Trypan Blue exclusion method according to the protocol of the manufacturer, in triplicate for each group, at 24, 48 and 72 h after cell plating.
CCK-8 assay.
A total of 5x10 3 wild-type HepG2 cells and CMV-CYP2J2-transfected HepG2 cells were cultured in 96-well plates (BD Biosciences, Franklin Lakes, NJ, USA). Following culture, the cells with or without doxorubicin for 24 h, the CCK-8 solution was then added to each well at 1:10 dilution, followed by further incubation at 37˚C for 3 h. Absorbance was measured at 450 nm using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).
Western blot analysis. Wild-type HepG2 cells, CMV-CYP2J2-transfected HepG2 cells or CMV-GFP-transfected
HepG2 cells were cultured in the presence or absence of LY294002 for 8 h or doxorubicin for 24 h and the cells were directly lysed in culture dishes with radioimmunoprecipitation assay buffer (Boston BioProducts, Ashland, MA, USA) supplemented with a protease and phosphatase inhibitor cocktail mixture (cat. no. 88668; Thermo Fisher Scientific, Inc.). Cell lysates (20 µg) were separated using 10 or 12% SDS-PAGE and then transferred to polyvinylidene fluoride membranes (Merck KGaA). The blots were washed with TBS containing Tween-20 (TBST) [10 mM Tris-HCl (pH 7.6), 150 mM NaCl and 0.1% Tween-20], blocked with 5% skimmed milk in TBST for 1 h at room temperature and incubated for 12 h at 4˚C with the primary antibodies at 1:1,000 dilution. Next, the membranes were washed with TBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse IgG antibodies (1:5,000 dilution) for 12 h at 4˚C. The bands were visualized using Pierce ® ECL Western 
Results and Discussion
Effect of CYP2J2 overexpression on cell proliferation and cell cycle regulatory protein expression. To investigate the role of CYP2J2 on cell proliferation in HepG2 cells, stable HepG2 cell lines overexpressing CYP2J2 (CMV-CYP2J2) and GFP (CMV-GFP) were established using CMV-CYP2J2 or CMV-GFP lentiviruses, respectively. The expression levels of CYP2J2 protein in the stable cell lines were examined by western blot analysis. CMV-GFP virus was used as a positive control. CYP2J2 expression was significantly increased by infection with CMV-CYP2J2 virus in comparison with that observed in wild-type HepG2 cells (Fig. 1) . To examine the effect of CYP2J2 on HepG2 cell proliferation, the numbers of wild-type and CMV-CYP2J2-transfected HepG2 cells in growth medium were counted at 24-h intervals. The rate of proliferation of CMV-CYP2J2-transfected HepG2 cells was significantly higher than that of wild-type HepG2 cells ( Fig. 2A) . The core of the molecular machinery that drives the cell cycle is the family of Cdks and their regulatory subunits, which are known as cyclins (21) . Cdk-cyclin complexes are activated at precise points of the cell cycle through multiple levels of control, including complex assembly or expression levels (22) . Therefore, the present study examined the expression levels of cyclin D1, cyclin E, Cdk2 and Cdk4 proteins. Cyclin D1, cyclin E, Cdk2 and Cdk4 expression was significantly increased by overexpression of CYP2J2 (Fig. 2B) . These results suggest that overexpression of CYP2J2 promotes cell proliferation in HepG2 hepatocellular carcinoma cells through increased expression of cyclin D1, cyclin E, Cdk2 and Cdk4 proteins.
Involvement of the Akt signaling pathway in CYP2J2-induced cell proliferation.
Akt is known to serve a central role in signaling pathways regulating tumor growth (23, 24) . The Akt signaling cascade is frequently dysregulated in multiple types of cancer and is implicated in tumor aggressiveness (23, 24) . Several reports indicated that Akt is activated by interaction with phosphatidylinositol (3-5)-trisphosphate [PtdIns(3,4,5) P 3 ] via the pleckstrin homology domain (25, 26) . PtdIns (3,4,5)P 3 is normally generated from phosphatidylinositol 4,5-bisphosphate by the enzyme phosphoinositide 3-kinase (PI3K) (27) . Therefore, the present study investigated whether CYP2J2 regulates the activity of Akt, and the results revealed that Akt phosphorylation was significantly increased in CMV-CYP2J2-transfected HepG2 cells in comparison with that in wild-type and CMV-GFP-transfected HepG2 cells (Fig. 3A) . To further confirm the role of CYP2J2 on the activity of Akt, the effect of a pharmacological inhibitor of PI3K, LY294002, was investigated in wild-type and CMV-CYP2J2-transfected HepG2 cell lines. As shown in Fig. 3B , wild-type and CMV-CYP2J2-transfected HepG2 cells were treated with different concentrations of LY294002 (0, 10 and 20 µM), and the results revealed that the phosphorylation of Akt was suppressed by LY294002 in both cell lines in a dose-dependent manner. However, the levels of Akt phosphorylation subsequent to LY294002 treatment were higher in CMV-CYP2J2-transfected HepG2 cells than in wild-type HepG2 cells (Fig. 3B) . The present study also determined how the above PI3K inhibitor, LY294002, affects the proliferation of CMV-CYP2J2-transfected HepG2 cells, and it was observed that the enhanced cell proliferation in CMV-CYP2J2-transfected HepG2 cells in the absence of LY294002 (10 µM) was significantly inhibited in the presence of LY294002 (Fig. 3C) . These results suggest that overexpression of CYP2J2 enhances the activity of Akt, and that CYP2J2-mediated cell proliferation is PI3K/Akt signaling-dependent.
Effect of CYP2J2 overexpression on resistance to an anticancer agent.
To investigate whether overexpression of CYP2J2 affects resistance to an anticancer agent, the present study subsequently examined cell viability in the presence of doxorubicin using the CCK-8 assay. Doxorubicin (adriamycin), an anticancer agent used in the treatment of advanced hepatocellular carcinoma due to its antitumor action (28) , induces apoptotic cell death in various types of cells, including cancer cells (29) . Doxorubicin reduced significantly the cell viability of wild-type HepG2 cells in a dose-dependent manner (0-20 µM; Fig. 4A ). To examine whether the apoptotic pathway is involved in doxorubicin-induced cytotoxicity in HepG2 cells, the expression levels of apoptosis-associated proteins, including Bax, Bcl-2 and pro-caspase-3, were analyzed. Incubation of wild-type HepG2 cells with doxorubicin (0-20 µM) for 24 h increased the expression of Bax, decreased the expression of Bcl-2, enhanced the Bax/Bcl-2 ratio and diminished the expression levels of pro-caspase-3 in a dose-dependent manner (Fig. 4B) . These results suggest that doxorubicin-induced cytotoxicity is mediated by the apoptotic pathway. Inhibition of apoptosis is generally considered to be a major determinant of resistance to chemotherapy (29) . To compare the cytotoxic effect of doxorubicin in wild-type and CMV-CYP2J2-transfected HepG2 cells, these cell lines were treated with 10 µM doxorubicin for 24 h, and cell viability was determined using the CCK-8 assay. As shown in Fig. 5A , doxorubicin significantly decreased cell viability in both cell lines. Notably, the doxorubicin-induced reduction of cell viability was significantly attenuated in CMV-CYP2J2-transfected HepG2 cells compared with that in wild-type HepG2 cells. Additionally, doxorubicin induced a significant increase in the Bax/Bcl-2 ratio and decreased pro-caspase-3 levels in both cell lines; however, the increase in the Bax/Bcl-2 ratio and the decrease in pro-caspase-3 levels were inhibited in CMV-CYP2J2-transfected HepG2 cells in comparison with those in wild-type HepG2 cells. These results suggest that the cytotoxic effect of doxorubicin is significantly attenuated by CYP2J2 overexpression; in other words, CYP2J2 overexpression confers resistance to doxorubicin in HepG2 cells.
In conclusion, the present study has demonstrated that CYP2J2 promotes cell proliferation and drug resistance to an anticancer agent in HepG2 cells. CYP2J2-mediated cell proliferation requires the activity of Akt, which is known to be frequently dysregulated in numerous types of cancer (24) . Additionally, overexpression of CYP2J2 decreased the apoptotic cell death caused by the above anticancer agent. Robust cell proliferative capacity and resistance to anticancer agents are major hurdles to the development of efficient chemotherapy, and abnormal cell proliferation and apoptotic cell death have been extensively studied to identify potential therapeutic targets against human cancer (30) . Various cellular components, including hypoxia-inducible factor-1α (31), transducin β-like protein 1-related protein (32) and fibroblast growth factor receptor 4 (33) , have been shown to contribute to cancer cell proliferation, and due to their anti-apoptotic properties, they have been studied as putative targets for cancer therapy (31) (32) (33) . The results of the present study revealed that CYP2J2 also serves important roles in inducing cell proliferation and inhibiting the cell death induced by anticancer agents. Therefore, CYP2J2 can be a potential target to reduce cancer cell proliferation and resistance to chemotherapy.
